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INTRODUCTION 
T h i s  document hils hccn prepared as p a r t  of t h e  Department of Energy Wind 
Energy Program which i s  managed by the  S o l a r  Energy Research I n s t i t u t e .  It is  
a s e l e c t e d  b ih iog raphy ,  w i t h  some a n n o t a t i o n ,  of wind t u r b i n e  a c o u s t i c s  
r e s e a r c h  papers .  They a r e  grouped t o g e t h e r  f o r  convenience i n t o  t h e  fo l lowing  
s e c t i o n s :  Cenera l  Wind Turbine  Acous t ics  P u b l i c a t i o n s ;  Wind Turbine  Noise 
Genera t ion ,  P r e d i c t i o n  and Measurements; Wind Turbine  Noise P ropaga t ion ;  
E f f e c t s  of Wind Turbine  Noise on People  and Communities; E f f e c t s  of Wind 
Turbine  Noise on Ru i ld ings ;  and Wind Turbine  Noise Measurement Technology. 
For those  s e c t i o n s  r e l a t i n g  t o  p ropaga t ion ,  measurement and t h e  e f f e c t s  of 
n o i s e ;  some g e n e r a l l y  r e l e v a n t  papers  are a l s o  inc luded .  
The i n t e n t  i s  t o  i n c l u d e  those  E n g l i s h  language pape r s  which c o l l e c t i v e l y  
r e p r e s e n t  t he  s t a t e  of t he  a r t  i n  each  of t h e  s u b j e c t  areas. C e r t a i n  key 
documents a r e  l i s t e d  f i r s t  and a b s t r a c t s  are inc luded  when a v a i l a b l e .  Other  
documents a r e  then  l i s t e d  i n  c h r o n o l o g i c a l  o r d e r  w i thou t  anno ta t ion .  A l l  
documents a r e  be l i eved  t o  be a v a i l a b l e ,  on r e q u e s t ,  from one of t h e  s o u r c e s  
l i s t e d  below. The a p p r o p r i a t e  a c q u i s i t i o n  numbers are inc luded  when a v a i l a b l e  
t o  f a c i l i t a t e  the  f i l l i n g  of requests from t h e  fo l lowing  sources :  
Source  
American I n s t i t u t e  of 
Aeronau t i c s  and 
A s  t ronau t  i c s  
T e c h n i c a l  I n f o r m a t i o n  S e r v i c e  
555 West 57th S t . ,  12 th  F loo r  
New York, NY 10019 
N a t i o n a l  Techn ica l  
5285 P o r t  Royal Road 
S p r i n g f i e l d ,  V A  22161 
In fo rma t ion  S e r v i c e  (NTIS) 
NASA S c i e n t i f i c  and 
Technic  a 1 Tnf o rma t i  on 
F a c i l i t y  (STIF) 
P. 0. Box 8757 
B.W.T. A i r p o r t ,  21240 
Defense Techn ica l  
Cameron S t a t i o n  
Alexandr i a ,  VA 22314 
In fo rma t ion  Center  
Type of M a t e r i a l  
ATAA p a p e r s  and p u b l i s h e d  
l i t e r a t u r e  a v a i l a b l e  from 
A I A A  or i n  j o u r n a l s ,  
c o n f e r e n c e s ,  e t c . ,  a s  
i nd  i ca t ed 
R e  po r t 1 i t e r a t  u r  e 
having no d i s t r i b u t i o n  
l i m f t a t i o n  
Report l i t e r a t u r e  
having some k ind  of 
d i s t r i b u t i o n  l i m i t a t i o n  
Tech B r i e f s  
Report  l i t e r a t u r e  wi th  o r  
w i thou t  d i s t r i b u t i o n  
l i m i t a t i o n  
A c q u i s i t i o n  
Number 
A Numbers 
Example : 
A7 5-2 5 583 
N Numbers 
Example : 
N67-37604 
X Numbers 
Example : 
X7 1-83 7 5 3 
B Numbers 
Example : 
B63-1057 9 
AD Numbers 
Example : 
AD 475 662 
ii 
. 
For t'llnsr* rlociimcntr; h n v i n c  no a c q r i l s i t i o n  number l i s t e d ,  c o p i e s  may he 
obt n l n c 4  f ron N ' r I S ,  provldcd i l  complcte c i t a t i o n  is f u r n i s h e d .  Some r e l e v a n t  
rlocumc.nts Iinvc not  been l i s t e d  because i t  is known t h a t  cer ta in  material was 
p u b l i s h e d  i n  o t h e r  forms. Tn t h e  l a t t e r  case, p r e f e r e n c e  is  g iven  t o  t h e  more 
r e c e n t  p u b l i c a t i o n s .  Many of the key documents,  p a r t i c u l a r l y  t h o s e  l i s t e d  as 
g e n e r a l  p u b l i c a t i o n s ,  have e x t e n s i v e  r e f e r e n c e  l i s ts  and b i b l i o g r a p h i e s  which 
a re  complementary t o  those  l i s t e d  h e r e i n .  
iii 
GENERAL WIND TURBINE ACOUSTICS PUBLICATIONS 
I .  l’hrc.shcar, I h h e r t  I!., E d i t o r :  Wind T u r b i n e  Dynamics. ProceedinEs f o r  a 
Workshop held a t  Cleveland S t a t e  I J n i v e r s i t y ,  C leve land ,  OH, February 24-26, 
1981, NASA CP 2185, 1981. 
N82 -2 3684 
‘Included i n  t h i s  document are t e n  i n d i v i d u a l  pape r s  r e l a t i n g  t o  a wide 
range of t o p i c s  i n  t h e  a c o u s t i c s  of wind t u r b i n e s .  I n f o r m a t i o n  is p r e s e n t e d  
f o r  €1111 scale and model measurements of n o i s e  from t h e  MOD-1 machine,  
comparisons of t h e o r y  and measurements, p r e d i c t i o n  methodology, r e f r a c t i v e  
f o c u s i n g  due t o  wind g r a d i e n t s  and wind t u r b i n e  a c o u s t i c  s t a n d a r d s  f o r  
community accep tance .  
2 .  Anonymous: P roceed ings  of t he  1981 Wind Energy Technology Conference,  
U n i v e r s i t y  of M i s s o u r i ,  Columbia, MO, March 1981. 
N83-7357 1 
3. Stephens ,  David G.; Shepherd, Kevin P.; Hubbard, Harvey H.; and Grosve ld ,  
Fe rd inand  W.: Guide to the E v a l u a t i o n  of Human Exposure t o  Noise frm Large 
Wind Turb ines .  NASA TM 83288, March 1982. 
N8 2 -2 4 05 1 
T h i s  document i s  in t ended  € o r  use i n  d e s i g n i n g  and s i t i n g  f u t u r e  large 
wind t u r b i n e  systems as w e l l  as f o r  a s s e s s i n g  t h e  n o i s e  environment  of  
e x i s t i n g  wind t u r b i n e  systems. Guidance f o r  e v a l u a t i n g  human exposure  t o  wind 
t u r b i n e  n o i s e  is  provided and i n c l u d e s  c o n s i d e r a t i o n  of t h e  s o u r c e  
c h a r a c t e r i s t i c s ,  t h e  p ropaga t ion  t o  t h e  r e c e i v e r  l o c a t i o n ,  and t h e  exposure  of 
t h e  r e c e i v e r  t o  t h e  n o i s e .  The c r i t e r i a  f o r  e v a l u a t i o n  of human exposure  are 
based on comparisons of t h e  n o i s e  a t  t h e  r e c e i v e r  l o c a t i o n  w i t h  t h e  human 
p e r c e p t i o n  t h r e s h o l d s  f o r  wind t u r b i n e  n o i s e  and noise- induced b u i l d i n g  
v i b r a t i o n s ’  i n  t h e  p re sence  of background no i se .  
4 .  Seebo ld ,  .J. C., E d i t o r :  P roceed ings  of I n t e r N o i s e  82, The 1982 
I n t e r n a t i o n a l  Conference on Noise C o n t r o l  E n g i n e e r i n g ,  May 17-19, 1982, San 
F r a n c i s c o ,  Ca, Vols. I and TI, 1982. 
This  document c o n t a i n s  extended a b s t r a c t s  of seven  pape r s  p r e s e n t e d  i n  a 
s p e c i a l  s e s s i o n  on wind t u r h i n e  a c o u s t i c s .  Inc luded  are n o i s e  e m i s s i o n  
c h a r a c t e r i s t i c s  of l a r g e  wind t u r b i n e s ,  n o i s e  p r e d i c t i o n  methods, wind tunnel  
n o i s e  measurements, p a r a m e t r i c  e v a l u a t i o n s  and a c o u s t i c a l  c r i t e r i a  f o r  s i t i n g  
and o p e r a t i o n s .  
5. Anonymous: P roceed ings  of t h e  IEA Workshop on Wind Turb ine  Noise 
Measurements, Stockholm, Sweden, November 12-13, 1984. The A e r o n a u t i c a l  
Resea rch  T n s t i t u t e  of Sweden, FFAP-110, 1984. 
"5-2961 9 
Seven i n d i v i d u a l  pape r s  r e l a t i n g  t o  measurement of background n o i s e  
around wind t u r h i n e s ;  maskinE of  wind t u r h i n e  n o i s e  hy wind n o i s e ;  a c o u s t i c  
power l e v e l s  of wind t u r b i n e s ;  wind t u r b i n e  n o i s e ;  and tower wake e f f e c t s  on 
wind t u r h i n e  n o i s e .  
6. rlnonymous: Implementing Agreement for Cooperation in the Development of 
Large Scale Wind Energy Conversion Systems. Proceed ings  of 1 1 t h  E x p e r t s  
Fleet ing on General  Environment Aspects  of Large S c a l e  Wind U t i l i z a t i o n ,  
Munich, May 7-9, 1984, orEanized by Kerns fo r schungsan lage ,  J u e l i c h ,  West 
Germany and Tech. U n i v e r s i t y  of Denmark. Repor t  No. JUEL-SPEZ-278, November 
1984. 
N85-3 5473 
F o u r t e e n  i n d i v i d u a l  pape r s  r e l a t i n g  t o  t h e  e f f e c t s  of megawatt-sized wind 
energy c o n v e r t e r s  on n o i s e  p o l l u t i o n ,  t e l e v i s i o n  r e c e p t i o n ,  b i r d s ,  a g r i c u l t u r e  
and scene ry  are inc luded .  Also covered a re  s i t e  s e l e c t i o n ,  performance 
assessment  and s a f e t y  f a c t o r s .  
7. K e l l y ,  N. I).; McKenna, ?4. E.; Hemphil l ,  R. R.; E t t e r ,  C .  L.; Garrelts, 
R.  L.;  and T,inn, N. C.: AcoustLc Noise Associated with the ?%ID-1 Wind 
Turbine: Its Source, Impact and Control. SERI/TR-635-1166, Februa ry  1985. 
N85-2 9700 
E x t e n s i v e  r e s e a r c h  hv s t a f f  of t h e  S o l a r  Energy Resea rch  I n s t i t u t e  and 
i t s  s u b c o n t r a c t o r s  conducted t o  e s t a h l i s h  t h e  o r i g i n  and p o s s i b l e  ameliorat ion 
of  a c o u s t i c  d i s t u r h a n c e s  a s s o c i a t e d  w i t h  t h e  o p e r a t i o n  of t h e  DOE/NASA MOD-1 
wind t u r h i n e  i n s t a l l e d  i n  1979 n e a r  Roone, North C a r o l i n a  is summarized. 
R e s u l t s  have shown t h a t  t h e  s o u r c e  of t h i s  a c o u s t i c  annoyance was the 
t r a n s i e n t ,  uns t eady  aerodynamic l i f t  imparted to  t h e  t u r b i n e  b l a d e s  as t h e y  
passed  throuqh t h e  lee wakes of t h e  l a r q e ,  c y l i n d r i c a l  tower s u p p o r t s .  Nearby 
r e s i d e n t s  were annoyed by t h e  low-frequency, a c o u s t i c  impu l ses  p ropaga ted  i n t o  
t h e  s t r u c t u r e s  i n  which t h e  compla inan t s  l i v e d .  The s i t u a t i o n  was aggravated 
f u r t h e r  hy a complex sound p ropaEa t ion  p r o c e s s  c o n t r o l l e d  by t e r r a i n  and 
a t m o s p h e r i c  focus ing .  S e v e r a l  t e c h n i q u e s  f o r  r e d u c i n g  t h e  a b r u p t ,  u n s t e a d y  
b l a d e  load t r a n s i e n t s  were r e s e a r c h e d  and a r e  d i s c u s s e d .  
8.  K e l l y ,  N. 9.; PicKenna, \ I .  E.; J a c o b s ,  F,. W.;  Hemphil l ,  R. R.; and  
R i rkenheur ,  N. R . :  The MOD-2 Wind Turbine: Volume I, Aeroacoustical Noise 
Sources, Emissions and Potential Impact. SERI/TR-217-3036, A p r i l  1987. 
. 
A d e s c r i p t i o n  is  g iven  of an e x t e n s i v e  se r ies  of  a c o u s t i c  measurements a t  
t h e  FIOD-2 Wind t u r b i n e  s i t e  a t  Co ldenda le ,  WA. Sound p r e s s u r e  level  and 
s p e c t r a l  d a t a  are  p r e s e n t e d  f o r  f r e q u e n c i e s  from s u b  a u d i b l e  r a n g e ,  f o r  s i n g l e  
and m i i l t i p l e  machines. The r e s u l t a n t  n o i s e  is  shown t o  be related t o  
a tmosphe r i c  parameters such  as wind speed  and s t a b i l i t y .  
2 
WIND TURBINE NOISE GENERATION, 
PREDICTION AND MEILSIJREMENTS 
Key Documents 
9. V i t e r n a ,  L. A.:  Method for P r e d i c t i n g  Impulsive Noise Generated by wind 
T u r b i n e  Rotors. NASA TM 82794, 1982. 
N82-2 1 7 14 
S i n c e  r e g u l a r  o p e r a t i o n  of t h e  DOE/NASA MOD-1 wind t u r b i n e  began i n  
October  1979 about  10 nearby households  complained of n o i s e  from t h e  machine. 
Development of t h e  NASA-LeRC wind t u r b i n e  sound p r e d i c t i o n  code began i n  May 
1980 as p a r t  of an e f f o r t  t o  unde r s t and  and reduce t h e  n o i s e  g e n e r a t e d  by 
MOD-1. Tone sound l e v e l s  p r e d i c t e d  w i t h  t h i s  code are i n  q e n e r a l l y  good 
agreement w i t h  measured d a t a  t aken  i n  t h e  v i c i n i t y  MOD-1 wind t u r b i n e  (less 
than  2 r o t o r  d i a m e t e r s ) .  Comparison i n  t h e  f a r  f i e l d  i n d i c a t e s  t h a t  
p r o p a g a t i o n  e f f e c t s  due t o  t e r r a i n  and a tmosphe r i c  c o n d i t i o n s  may be enhanc ing  
t h e  a c t u a l  sound l e v e l s  by about  h dB. Parametric a n a l y s i s  u s i n g  t h e  code h a s  
shown t h a t  t he  predominant c o n t r i b u t o r s  t o  MOD-1 r o t o r  n o i s e  are (1) t h e  
v e l o c i t y  d e f i c i t  i n  t h e  wake of t h e  s u p p o r t  tower,  ( 2 )  t h e  h igh  r o t o r  speed ,  
and (3)  off-optimum o p e r a t i o n .  
10. Hubbard, H. H.; and Shepherd, K. P. : Noise Pkasurerents for Single and 
M u l t i p l e  Operation of 50KW Wind T u r b i n e  Generators. NASA CR 166052, December 
1982. 
N83-17236 
The n o i s e  c h a r a c t e r i s t i c s  of t h e  U.S. Windpower Inc. ,  50 kw wind t u r b i n e  
g e n e r a t o r  have been measured a t  v a r i o u s  d i s t a n c e s  from 30 m t o  1100 m and f o r  
a range of o u t p u t  power. The g e n e r a t e d  n o i s e  is a f f e c t e d  by t h e  aerodynamic 
wakes of t h e  tower l e g s  a t  f r e q u e n c i e s  below about  120 Hz and t h e  b l a d e  
t r a i l i n g  edge t h i c k n e s s  a t  f r e q u e n c i e s  of about 2 kHz. Rope s t r a k e s  and 
a i r f o i l  f a i r i n g s  on t h e  l e g s  d i d  not  r e s u l t  i n  s u b s t a n t i a l  n o i s e  r e d u c t i o n s .  
Sharpening t h e  b l ade  t r a i l i n g  edges nea r  t he  t i p  was e f f e c t i v e  i n  r e d u c i n g  
broad band n o i s e  n e a r  2 kHz. 
i n c r e a s e  i n  number of machines (from 1 t o  3 )  r e s u l t s  i n  a p r e d i c t e d  i n c r e a s e  
i n  t h e  sound p r e s s u r e  l e v e l  of about  5 dR. The d e t e c t i o n  t h r e s h o l d  f o r  14 
machines o p e r a t i n g  i n  a 17 - 20 mph wind i s  observed t o  be a t  a p p r o x i m a t e l y  
1160 m i n  t h e  downwind d i r ec tCon .  
For m u l t i p l e  machines t h e  sound f i e l d s  are superposed.  A t h r e e - f o l d  
11. Hubbard, H. H.;  G rosve ld ,  F. W.; and Shepherd,  K. P.: Noise 
Characteristics of Large Wind T u r b i n e  Generators. Noise C o n t r o l  E n g i n e e r i n g  
J o u r n a l ,  v o l .  31,  no. 1,  pp. 21-29, 1983. 
A83 -4 3 63 8 
The n o i s e  c h a r a c t e r i s t i c s  of t h r e e  r e p r e s e n t a t i v e  l a r g e  wind t u r b i n e  
g e n e r a t o r s  are summarized. The main n o i s e  s o u r c e s  are i d e n t i f i e d  a long  w i t h  
s t a t e  of t he  a r t  n o i s e  p r e d i c t i o n  methods. Loading n o i s e  components are a 
c h a r a c t e r i s t i c  of downwind machines and are u s u a l l y  conf ined  t o  f r e q u e n c i e s  
below 100 Hz. Broadband components extend throughout  t h e  a u d i b l e  f r e q u e n c y  
range and are observed f o r  b o t h  upwind and downwind machines. 
3 
12. Marciis, E. N.; and Harris, W. L.: An Experimental Study of Wind Turbine 
Noise from Blade-Tower Wake Interaction. ATAA R e p r i n t  No. 83-0691, 1983. 
A83-25913 
A program of expe r imen t s  has  been conducted t o  s t u d y  t h e  impu l s ive  n o i s e  
of a h o r i z o n t a l  a x i s  wind-turbine.  These tests were performed on a 1 / 5 3  scale  
model of t he  DOE-NASA MOD-1 wind t u r b i n e .  Experiments  were performed i n  the 
M . T . T .  5' x 7-112'  Anechoic Wind t u n n e l  F a c i l i t y .  The impu l s ive  n o i s e  of a 
h o r i z o n t a l  a x i s  wind t u r b i n e  i s  observed t o  r e s u l t  from r e p e a t e d  b l a d e  passage  
through t h e  mean v e l o c i t y  d e € i c i t  induced i n  t h e  lee of t h e  wind t u r b i n e  
s u p p o r t  tower. The two f a c t o r s  which most i n f l u e n c e  t h i s  n o i s e  are r o t a t i o n  
speed and tower drag c o e f f i c i e n t .  The i n t e n s i t y  of n o i s e  from b l a d e  tower 
wake i n t e r a c t i o n  is p r e d i c t e d  t o  i n c r e a s e  w i t h  t h e  f o u r t h  power of t h e  RPM and 
t h e  second power of t h e  tower d r a g  c o e f f i c i e n t .  These p r e d i c t i o n s  are 
confirmed i n  experiments .  F u r t h e r  expe r imen t s  are a l s o  p r e s e n t e d  i n  o r d e r  t o  
obse rve  d i r e c t i o n a l i t y  o f  t he  a c o u s t i c  f i e l d  as w e l l  as t h e  a c o u s t i c  i n f l u e n c e  
of tower shape and b l a d e  number. 
13. Crosve ld ,  F. W.: Prediction of Broadband Noise from Horizontal Axis Wind 
Turbines. .Journal of P r o p u l s i o n  and Power, v o l .  1, no. 4, July-August 1985. 
~85-39583 .  
A method is p resen ted  f o r  p r e d i c t i n g  the  broadband n o i s e  s p e c t r a  of 
horizontal a x i s  wind turbine generators. It includes contributions from such 
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Key Documents 
93. P i e r c y ,  J .  E . ;  Embleton, T. F. W.; and S u t h e r l a n d ,  L. C.: Review of 
Noise Propagation in the Atmosphere. J o u r n a l  of t h e  A c o u s t i c a l  S o c i e t y  of 
America, v o l .  61, no. 6 ,  June 1977. 
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A g e n e r a l  review is p r e s e n t e d  of most areas of sound-propagat ion t h a t  are 
of i n t e r e s t  f o r  t he  c o n t r o l  of community n o i s e .  These areas are g e o m e t r i c a l  
s p r e a d i n g ,  a tmosphe r i c  a b s o r p t i o n ,  ground e f f e c t ,  ( n e a r  h o r i z o n t a l  p r o p a g a t i o n  
i n  a homogenous atmosphere c l o s e  t o  f l a t  g round) ,  r e f r a c t i o n ,  t h e  e f f e c t  of 
a tmosphe r i c  t u r b u l e n c e ,  and t h e  e f f e c t  of topography ( e l e v a t i o n ,  h i l l s i d e s ,  
f o l i a g e ,  e t c . ) .  The c u r r e n t  s t a t e  of knowledge i n  e a c h  area is  p r e s e n t e d  and 
s u g g e s t i o n s  made conce rn ing  r e s e a r c h  a c t i v i t i e s ,  a p p l i c a t i o n s  of e x i s t i n g  
r e s e a r c h ,  and p r a c t i c a l  problems which arise i n  t h e  p r e d i c t i o n  of n o i s e  
l e v e l s .  
9 4 .  Thompson, D. W.: Analytical Studies and Field Measurements of 
Infra-Sound Propagation at Howard's Knob, NC. Dept. of Meteorology, Penn 
S t a t e  U n i v e r s i t y ,  F i n a l  Repor t ,  September 18 ,  1980. 
Meteorology s t u d i e s  have been conducted f o r  t h e  l o c a l e  of t h e  MOW1 
machine i n  an a t t empt  t o  e x p l a i n  t h e  a p p a r e n t  f o c u s i n g  of i t s  n o i s e  i n  some 
nearby communities. Data from radiosound and s o d a r  soundings were used as a 
b a s i s  f o r  modeling t h e  a c o u s t i c  p ropaga t ion  a t  t h e  s i te .  R e s u l t s  of computed 
r a y  t r a c i n g  runs c l e a r l y  showed t h a t  c a u s t i c s  ( zones  of enhancement) could 
occur  i n  t h e  r e g i o n  of complainants  homes. 
95. Shepherd,  K. P.; and Hubbard, H. H.: Sound Propagation Studies for a 
Large Horizontal Axis Wind Turbine. NASA CR 172564, March 1985. 
N85-2 4 904 
I n c l u d e d  i n  t h i s  paper  a r e  the  r e s u l t s  of systemmatic  n o i s e  measurements 
i n  t h r e e  d i r e c t i o n s  wi th  respect t o  t h e  wind v e c t o r ,  over  a range of d i s t a n c e s  
t o  1050 m ,  ove r  a range of f r e q u e n c i e s  from 8 Hz t o  2000 Hz, and f o r  a s t a b l e  
wind t u r b i n e  n o i s e  sou rce  (WTS-4) i n  windy c o n d i t i o n s  (V = 9.4 - 13.0 m/s). 
A t  f r e q u e n c i e s  above 63 Hz i n  t h e  downwind and crosswind d i r e c t i o n s  t h e  sound 
p r e s s u r e  l e v e l s  decay w i t h  d i s t a n c e  a c c o r d i n g  t o  p r e d i c t i o n s  based on 
a t m o s p h e r i c  a b s o r p t i o n  and s p h e r i c a l  s p r e a d i n g ,  assuming no e x c e s s  a t t e n u a t i o n  
due t o  ground e f f e c t s .  I n  t he  upwind d i r e c t i o n  t h e r e  is e x c e s s  a t t e n a u t i o n  
due t o  an a c o u s t i c  shadow zone. The assumption of a d i s t r i b u t e d  n o i s e  s o u r c e  
l e a d s  t o  b e t t e r  n o i s e  e s t i m a t e s  i n  the  upwind d i r e c t i o n .  For v e r y  low 
f r e q u e n c i e s  (8-16 Hz) no excess  a t t e n u a t i o n  was observed i n  t h e  upwind 
d i r e c t i o n  a t  d i s t a n c e s  up t o  1050 m and a sound p r e s s u r e  l e v e l  decay ra te  o f  
approx ima te ly  3 dB p e r  doub l ing  of d i s t a n c e  was observed i n  t h e  downwind 
d i r e c t i o n .  
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96. W i l l s h i r e ,  W. I , . ,  .Jr. and Zorumski, W. E.: Acoustic P r o p a g a t i o n  i n  High 
Winds. ProceedinEs of Noise Con 87 ,  June 1987. 
The propagat ion  of low-frequency n o i s e  ou tdoor s  w a s  s t u d i e d  u s i n g  as t h e  
s o u r c e  a l a r g e  (80-m d iame te r )  4-megawatt h o r i z o n t a l  axis wind t u r b i n e .  
Acous t i c  measurements were made w i t h  low-frequency microphone sys tems p l a c e d  
on the  ground a t  downwind s i tes  rang ing  from 300 m t o  20,000 m and a t  upwind 
s i t e s  ranging  from 200 m t o  4,000 m away from t h e  wind t u r b i n e .  The wind 
t u r b i n e  fundamental  was 1 Hz and t h e  wind speed was g e n e r a l l y  12 - 15 m/s a t  
t h e  hub he igh t  (80 m).  The harmonic l e v e l s ,  when p l o t t e d  v e r s u s  p r o p a g a t i o n  
d i s t a n c e ,  e x h i b i t  a 6dB p e r  doub l ing  of d i s t a n c e  devergence i n  t h e  upwind 
d i r e c t i o n  and a 3 dB p e r  doubl ing  of d i s t a n c e  d ive rgence  i n  t h e  downwind 
d i r e c t i o n .  P r e d i c t i o n s  of h o t h  r a y  t r a c i n g  and normal mode t h e o r e t i c a l  models 
suppor t ed  t h e  down wind c y l i n d r i c a l  sp read ing .  A consequence of t h i s  i s  t h a t  
low-frequency n o i s e  s i g n a l s  propgate  f u r t h e r  i n  t h e  p re sence  of wind i n  t h e  
downwind d i r e c t i o n .  The measured f requency  dependence and e f f e c t  of boundary 
l a y e r  shape on t h e  downwind h o r i z o n t a l  e x p o n e n t i a l  a t t e n u a t i o n  c o e f f i c i e n t s  
were c o n s i s t e n t  w i th  normal mode theory .  However, t h e  p r e d i c t e d  a t t e n u a t i o n  
c o e f f i c i e n t s  were less than  those  measured. I n  t h e  upwind d i r e c t i o n ,  no low 
frequency a c o u s t i c  shadow zone was observed;  t h e  low-frequency a c o u s t i c  
s i g n a l s  propagated upwind e x h i b i t e d  s p h e r i c a l  sp read ing .  
97. Hawkins, . J .  A . :  A p p l i c a t i o n  of Ray Theory t o  P r o p a g a t i o n  of Low 
Frequency Noise from Wind Turbines. A p p l i e d  Research Laboratories, The 
U n i v e r s i t y  of Texas a t  A u s t i n ,  "73-87-40, J u l y  15, 1987, Also NASA CR-178367, 
J u l y  1957. 
Ray theo ry  is used t o  e x p l a i n  t h e  d a t a  from two expe r imen t s  conducted by 
W. L. W i l l s h i r e  i n  which t h e  low f requency  sound l e v e l s  downwind of t h e  WTS-4 
wind t u r b i n e  l o c a t e d  i n  Medicine Bow, Wyoming, were measured. I n  t h i s  t h e s i s ,  
g e n e r a l  ray  theo ry  f o r  a moving medium is reviewed and t h e  r a y  e q u a t i o n s  are 
ob ta ined .  R e s t r i c t i o n s  a r e  in t roduced  t h a t  s i m p l i f y  t h e  e q u a t i o n s  and a l l o w  
t h e  use of a r ay  t h e o r y  program MEDUSA. The r e s u l t s  are then  compared t o  
W i l l s h i r e ' s  d a t a .  I n  p a r t i c u l a r ,  t h e  MEDUSA computed p r o p a g a t i o n  loss curve 
i s  compared t o  W i l l s h i r e ' s  measurements. Good q u a l i t a t i v e  agreement  is 
ob ta ined  wi th  W i l l s h i r e ' s  1984 downwind da ta .  The r e s u l t s  i n d i c a t e  t h a t  t h e  
downwind sound f € e l d  is t h a t  of a near-ground sound channel .  Although more 
s c a t t e r  is seen  i n  t h e  1985 d a t a ,  agreement between t h e o r y  and t h e  d a t a  is  
a l s o  good. I n  p a r t i c u l a r ,  t h e  p o s i t i o n  and magnitude of t h e  jump i n  t h e  sound 
l e v e l s  a s s o c i a t e d  w i t h  t h e  beginning  of t h e  sound channel  i s  c o r r e c t l y  
p r e d i c t e d .  The comparison of t heo ry  and the  1985 upwind d a t a  is less 
s u c c e s s f u l .  Ray t h e o r y  c a l c u l a t i o n s  i n d i c a t e  t h e  f o r m u l a t i o n  of a shadow zone 
t h a t ,  i n  f a c t ,  does  no t  occur .  While t h e  s h a r p  shadow zone p r e d i c t e d  by u s i n g  
ray theo ry  does not  occur ,  t h e  g e n e r a l  e x p e c t a t i o n  (based on r a y  t h e o r y )  t h a t  
t h e  sound l e v e l s  should  be much reduced upwind is confirmed by t h e  d a t a .  
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This  document is in t ended  f o r  use i n  d e s i g n i n g  and s i t i n g  f u t u r e  large 
wind t u r b i n e  systems a s  w e l l  as for a s s e s s i n g  t h e  n o i s e  environment  of  
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v i b r a t i o n s  i n  t h e  p re sence  of background no i se .  F ive  append ices  are i n c l u d e d  
t o  p r e s e n t  background i n f o r m a t i o n  used i n  p r e p a r i n g  t h e  guide.  These 
append ices  cover  wind t u r b i n e  n o i s e  s o u r c e  c h a r a c t e r i s t i c s ,  human p e r c e p t i o n  
t h r e s h o l d s ,  r e sponse  of b u i l d i n g s  t o  n o i s e ,  a tmosphe r i c  p r o p a g a t i o n  and 
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